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F i na l Report
AFOSR Grant No. 77-3203

A STUDY OF THE ELECT ROPLAST I C EF FEC T I N METAL S
Hans Conrad and Kenji Oka~aki

The effects of high denslty,direct current pulses (lO s - 1O4 A/n’tn~ for

periods of 55-l2O~s) on the flow stress determined in an Instron tensile test-

ing machine were studied in a nunter of polycrystalline metals representing

various crystal structures (Pb, Sn , Fe and Ti), with most attention being

focused on TI. The current pulses produced a decrease In the flow stress

in all four metals. The work on Ti indicat ed tha t contains a contribution

in addition to heating and pinch effec ts . This contribution (the elec troplastic

effect) inc reased s~gnif 1cn a t 1.’ with current density , interstitial content and

tempera tur.” (77-300K), to a lesser degree with strain , t~jt no change was detec ted

for a 25 T- ’ ld Increase in strain rate. Compu ter calcu lations of the dynamic

stress changes associated with the approxima tely sinusoidal current-time pulses

ernpl oyed here yielded a contribution due to the electron-dislocation interaction

(for a current dencity of 5000 A/rn2 at 300K) which was 32~ of :~~~~. A model

Is proposed for the electroplastic effect which is based on theoretical

cons i derations that the current flow exerts a force on the dislocations

which adds to the applied force pushing a dislocation against obstacles.

Complementary studies were performed on (a) the decremental unloading

method for determining the Interna l stress in metals, (b) the effects of temper-

ature , grain size and interstitial content on the flow stress of TI and (~
plast ic instability in TI sheet.
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A STUDY OF THE ELECTROPLASTIC EFFECT IN METALS

1. IntroductIon

It is now generally accepted that the change In flow stress and other

mechanical phenomena which occur when a metal undergoes the transition from

the normal to the superconducting state Is associated with the interactIon

of electrons with dislocations (1-4). Additiona l evidence for an Inter-

action between electrons and dislocations is provided by the change in the flow

stress of Cu and Al which results when a magnetic field Is suddenly applied

during the plastic deformation of these metals at 4.2K (5,6). Since 1969

Russian scientists (7-12) have proposed tha t a significant Interaction between

electrons and dislocations also occurs for the application of high , direct-

current dens i ty pulses (lO 3A/nmi2) for short periods of time (i00~s) during

the plastic deformation of metals. They termed the effect an “electroplastic

effect”. They further claimed that the electroplastic (ep) effect had practi cal

value in meta l working operations . For example , Klimo v et al (13) reported that

W and k-alloy wire could be satisfac torily cold-rolled into microribbons 20-3Oum

thick by applyIng the ep effect rather than heating the metals to high tempera-

tures under a vacuum as was requi red otherwise. Metallographic exami nation of

the electroplastically cold rolled specimens revealed a noticeabl e grain size

reduction and a well defined texture. Besides the improvements in the rolling

of k-alloys , Spitsyn et al (14) reported that the drawing of stainless steel

tubes was significantly Improved by the application 0f high current pulses during

the drawing operation. Thus, the ep effect is of both scientific interest and

practical value .
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2. RussIan Work

For the most part, the work by Russian scientists on the ep effec t in

metals has been by Troitskii and coworkers (7-12) . They applied direc t current

pulses of the order of lO 3A/nr2 for a duration of 10~~s and at intervals of

2-l Os to single and polycrystalline specimens of Zn, Cd , Sn , Pb and In during

uniaxia *I tensile deformation at a constant strain rate and noted stress drops

in the stress-strain curves , which were associated with each current pulse and

represented a decrease (up to 40%) in the flow stress. An example of their results
r Is given in Fig. 1. They obta i ned stress drops of similar magnitude during

~~~~~ •‘
I

Fig. 1. Stress drops in the stress-strain curve of a Zn single crystal pro-
duced by the application of direct current pulses of the vol tages
Indicated during deformation at 78K. Regions A correspond to periods
of stress relaxation. After Troi tskii and Rozno (8).

compression tests. Further , the application of a magnetic field of 2000 Oe during

the compression tests did not produce a noticeable effect on the size of the

serratlons , within the scatter of their da ta .

Troltskif and coworkers (7-12) reported that the amount of the flow stress

-2-
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drop Increased wi th voltage and current density of the stress pulse and wi th

decrease in temperature from 300 to 78K. It Increased with strain rate at low

rates , but decreased at high rates. The stress drop also increased with im-

purity content and varied wi th the orientation of single crystals wi th respec t

to the tensile axis. Furthermore, the stress drop increased when electrons pro-

vided by an electron beam from an accelera tor were injected into the specimen

along the slip plane while it was being deformed. When the current polari ty

was changed , there occurred a sligh t difference in the stress drop , the effect

of polari ty bei ng higher for alloyed Zn-Cd crystals than in pure Zn crystals.

Of further interest is that the effect of the current pulses was significantly

less in the elastic region of the stress strain curve , or following stress

relaxation , compared to the changes in the flow stress which occurred in the

plastic region; anomalously large drops occurr~.-d near the yield ! ss. Moreover,

it was found that the current pulses improved the ductility of zinc single crystals

at low temperatures . Based on their results , Troi tskii and coworkers concluded

that the electroplastic effect was closely associated with the mult iplication ,

motion and interaction of disloca tions .

A nunter of criti cal tests were conducted by Troitskii and coworkers to

establish that the drops In the flow stress were primarily due to the interaction

of elec trons with mobile dislocations rather than to a magnetIc pinch effect

or to any heating effects from the electric current. That the pinch effect made

only a minor contribution was established by employ ing dual specimens in series ,

whereby loading was applied to one specimen (A) while the other (B) was not sub-

jected to a load. Current was passed through both specimens to induce elastic

vibrations . They found the pinch effect in the load-free specimen to be small

compared to the ep effect in the defonning specimen. Some of the results which

-3- 
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tndicated that heating effects made only a minor contribution to the observed

stress drops were the following :

(1). The maximum temperature rise noted wi th the thermocouples attached to the

surface and embedded in the center of single crystal Zn and Zn-O.2% Cd alloy

specimens was approximatel y 1°C for tests in liquid nitrogen . This value was in

accord with that calculated for the energy i npu t during a current pulse. The

accuracy of the tempera ture measurement was 0.005°C.

(2) . The difference in readings of thermocouples attached to the surface and

embedded in the interior of the specimens did not exceed 0.3°C; the Interior

temperature was higher , indicating the absence of a skin effect.

(3). The difference in the heating of a Zn-0.2~ Cd alloy single crystal com-

pared to a pure Zn crystal did not exceed O.3~C , whereas the magnitude of the

stress drops was at least twice as large .

(4). The threshold current for the ep effect in the Zn-O 2% Cd alloy (SOO-600A)

was not much different from tha t of pure Zn (400-SOOA), although the resistance

of the alloy was significantly higher.

(5). Heating of Zn crysta l specimens by pulsed ac current for periods of 20-30s

to yield the same temperature rise (1-2 °C at 77K) as the direct current pulses

of lO~ amps for iOOus did not produce load drops. There only occurred a

slight decrease in the strain hardening coefficent.

(6) . The size of the stress drop for specimens tested in liquid nitrogen was

larger than for those cooled by air , the cooling efficiency of the liquid nitro-

gen far exceeding tha t of the air.

(7). Stress drops were observed In compression as wel l as in tension, Indicating
that thermal expansion due to heating was not a major factor.

(8). The observed polarity effect indicates that the ep effect is electronic

in na ture ra ther than due to heating .

To explain the el ec troplast ic effec t in metals Troitskii (11) proposed

tha t the elec t rons exerted a force 1e (electron wind ) on the dislocations

-4- 
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accord ing to the theory of Kravchenkn (15)

v~~ 2b e d no A

~~~~~~~~~~~~~~~
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~~~~~~~~~~~

where b is the dislocation Burgers vector , ‘1d the dislocation veloc i ty, 
~e

the electron drift veloc i ty , v the electron veloci ty on the Fermi surface,

the electron density in the undeformed metal , u the chemical potential and

~ a constant of the deformation potential related to the lattice strain asso-

ciated with a dislocation . Thus , the force is positive (producing an accelera-

tion of the dislocations ) if the electron drift veloc ity is greater than the

dislocation veloc ity and negative (producing a deceleration) if it is less.

It can be shown that the electron drift velocity is given by

VC/ tenA = Id/en (2)

where V is the vo ltage , C the capacitance of the capacitors employed to yield

the current pulses , t the pulse duration time , e the elec tron charge , n the

dens ity of conduction electrons , A the specimen cross-sectional area and ‘d tne

current density .

Troi-t~ki i (11) proposed two possible effec ts of the electron wind:

(1) An acceleration of dislocati ons .

(2) A change in the dynamics of the vibrat ing dislocation segments held up at

obstacles so as to produce a decrease in the time requ i red for the detach-

ment of dislocations from the obstacles .

TroI -ts kli considered his experimental results to be in better accord with the

latter mechanism tha n the former.

Employ i ng a somewhat less sophisticated approach , Klimov et al (13) derived

the following equation for the force on a dislocation due to the action of

conduction elec trons

-5.
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: (l/3)n m*vFb(~e - Vd)

*where n is the density of conduction electrons , m the effective electronic

mass , V F (2E F/m
*) the val ue of the electron velocity determined by the Fermi

energy EF, b the Burgers vec tor , 
~e 

the electron drift velocity and Vd the

~~- dislocation veloc ity . Again , when Ve 
< vd , the electric current dampens the

dislocation motion , but when 
~e > Vd it accelerates its motion . Further , in

the case 
~e ~ 

vd, a pinned d~s 1oca tion wil l  experience a force helping it to

overcome the pinning obstac le.

3. Universi ty of Kentucky Work 
*

(a) General:

Major emphasis of the work at the University of Kentucky has been to estab-

lish whether the e lectroplastic effect is general for metals and , if so, what

are the effects of such variables as test temperature, strain rate and presence

of solutes . Special attention was given to eliminatin a nr correcting for any

heating effects which might be associated wi th the current pulses . Studies

were made on polycrystal line wires (0.12 - 1.3 win dia.) of Pb, Sn , Ti and Fe

representing comon crystal structures , wi th most work being performed on Ti.

The specimens were subjected to direc t current pulses up to 12 ,000 A/win2 peak

current density and of 1O0~s duration during tensile straining at a rate of

by discharg i ng a condenser bank with an ion switch. The time between

pulses was sufficiently large (‘30s) to avoid any temperature rise of the speci-

men following a current pulse and to allow the flow stress to return to the

original stress-strain curve. Tests were conducted at room temperature with

forced air cooling and by irTinersing the specimen and test fixture in liquid

nitrogen. The test procedure and results are given in detail in Refs. 16-20;

only a sunina ry of the results will be given here.

4 -6-
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An example of the decrease in stress which occurred during the plastic

deformation of a Ti specimen subjected to current pulses of increasing current

density is shown in Fig. 2. SimIlar behavior was noted for the other metals

___________ —- 
?~~~~~ .*W -SS e~ %~— * 5S” — S

- ~~~~~~~~~~~~~~~~~ ‘~~—~H~~~~~
(

~~~~~
_ __,—‘c Ti 

*

111
~~~~ i ~~~

Fi g. 2. Effect of direct current pulses on the true stress-stra in curve of
polycrvst alline Ti . From Okaza ki , Kagawa and Conrad (17).

considered , the magnitude of the stress drop Ac inc reasing in the order: Sn,

Pb. Ti and Fe; see FIg. 3.
SC 
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F i g .  3. Decrease in flow stress associated wi th a current pulse versus
current density for several metals. From Okazaki , Kagawa and Conrad (17).

Three specific stress-drops due to current pulses were Identified in the

extended work on Ti , depending on the region of the stress-strain curve where

—7.
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the current pulse was applied (see Fig. 4): (a) during the initial elastic

region , ~~~ (b) during the subsequent pl astic region , and (c) at a stress

level near the long-range internal stress determined by decremental unloading , AO R.

a—— , ~~~~~~~ . ~ &s,

- * ~ f 
. 

~~~~~~~~~~ —~~ ~~~~~~~
/ I •.; ‘I~~ ~~~at ~~~~ 3
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. . ~~~~~~~~
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4 a . — .  - — — * - ~ ‘—1’ —

I iI! C ’

• .5 -

(.• ..A 5

Fig. 4. Schn~~tic of experiments to determin e .. ~~~, - . and ~~~~~~~ assoc i a ted
with current pulses. Fror Okaza~- i , Kaqawa and Coirad ’(1 8).

In each case the stress returned to the level which existed prior to the appli-

cation of the curren~ pulse, ind ica in~ that no porranent c”anqe in the structure

had oc urret~ JJrinQ the pu lse. All three types of Stress drop increased with

Current dens ity ‘d (Fig. 5); for a ~nr tau t 1d’ -
* p 

~~~~ 

and •R

inc reased s1i g h t l — ~ wi~ ’- strain and all three stress drops inc reased w ith intersti-

tial solute content. All three stress drors were i ndependent of strain rate

wi th in the range 0.67 x 10~~ - 1.67 x l0~~ s~~.

(b) Skin , Pinch and Therma l Effects

Skin , p inc h and therma l effec ’s can contribu te to the decrease in flow

stress associated with a current pulse and therefore were considered in

evaluating the e~ effect. Calculations of these effec ts in high purity Ti

tested at 77~- are iiven in Ref . 20, a copy of which is attached . it Is shown

t at the skin dep ’h associated with the current pulse is about 6 time s laraer

than the specire n radius employed in most of our tests and hence the

-8-
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Fig. S. Ef’ect of current dens i ty on tb e *. stress drops during the
de nr”~a ion of polycrystal line Ti ~~~

‘ t~ various interstitial
con tents at 77K: (a) ~

, 1H is for the i ,i tia l elar.tic region;
(b) •~cR is at a stress level near the 4 ntnrnal stress deter-
rined by decremental un loadin r; and (c~ ~ 

is during plastic
f lc’~ . From Oka zaki , Kagawa and Conrad (19).

curren t f 1~~ can be considered to be uniform throughou t the specime n cross-

s e c t i o n . The ;- i nch effect produces a contributing stress of the order of

0.3 MPA at 5000 A/run2 whi rh , as wil l be seen below , is only a small fraction of

the effect presumed to be due to the interaction of electrons with dislocations .

-9-
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Assuming that all of the Joule heating suppl ied by a current pulse s tays

I n the specime n , the temperature rise was calculated to be 8 - 225K in the range

of 2000 to 10 ,000 A/nun2 current dens i ty at 77K and 22-270K in the range of 2000

to 7000K at 300K. However, the ac tual temperature rise in the specimen will be

less , since the specimen was surrounded wi th liquid nitrogen at 77K and forced-

(h r cooled at 300K, which extract hea t from the specimen surface. it was shown (H)

that the heat ing effects associated with the ep effect in metals can be identi-

fied ~‘ . performing tests on specimens of various radii r and extrapolating the

Stress changes resu lting from the application of the current pulses to r2 0,

‘‘hich represents a condition of infinite cooling rat (21). Plo ts of :vH 1 
~~

~nJ versus r2 are pre :ented in Fig. 6 for specimens tested with forced air

cool in g. .‘, -~~~ values are only given for the two larqcr specimen diameters beca~ se

‘“Hxation of the tensile frxture s occurred at the low stresses required for t”~

sr~.aHes t specimen size . However , the straight lines ~oining the two data point:

r On can be considered tc  pass through thi’ ori gin , supporting the idea that

~ te rpera tu re  rise of the specime n can be calculated from the measurec -~ntc .

Extrapol ations of and * to r 2 0 yield intercepts , indicating that these

stress-drop parameters contain effects other than those due to heating . A plot

of these intercepts ( -
~~ and *~~~~) versus current d~nsi ’ , I~ is presented in rj ~~

1’ is seen tha t -
~~ and - -

~~ Inc rease in a nearl y linea r fashion wi th ‘d startin a

~-e’~’ abou t lRfl1) A~-’rr~’ .

The results of Fi g. 6 suogest that heating effects may be removed from

~ 
by subtractin g ~ . The effec t of tempera ture on - • - ‘ H~ 

; — ~~~ as a

- 

~io r  of is given in Fig. 8a. It is here seen that (: ~-~ - -
~

) increases

.Ii ”~ increase in tempera ture . Fi g. 8b shows tha t the effect of temperature or~

C - ., - •~~~~ ) is significantl y less than on - :. —
~~~) .  The effect of inters~ itu~l

content (C ~ N ‘ 0) on (* • . ‘ - .

~ 

*~~) in Ti is shown in Fig. 9, where it is seen
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The actual temperature vise .~T which occurred during the ep effect in Ti

was calculated from: (a) the stress drop lt
~
o
H 

due to thermal expansion which

:~-il t s when a current pulse is applied In the initial elastic region of the

stress- strain curve and (b) the current-time profile obta i ned wi th an oscillo-

scope . To calculate the temperature rise from the following equation was

e--”Ioyed , which gives the elongation ,.i of the specime n due to the temperature

I rcrease

= ‘ I l’/ ~~ (4)

where t. is the length of the specii en and 1e the effecti ve modulus of the test

: :tem . The temperaturn rise producing this elongation is then

= 
~~~T ’ 

= 

~H
’
~ 

iE
~~ 

(5)

4,°t’re is the l inear coefficient of expansion . The temperature increases at

7~ and 300K calculated us i ng Eq. 5 ranged from 2 - 27ev , being 0.4 to 0.7 the

O’~ x I~~arn possib le due to Joule heating (20).

Th~ decrease in flow stress associated with a tempera ture ri se is general1”

taken as

T (T 4 .T) (6)

where and 
~(T + •T) are the flow stresses at I and (1 ~ itT) taken from the

a - I curve for the ma terial at a constant strain rate (22). However , consider-

ir’- the appli ed stress alone and the time ava ilable in the present experiments

‘cr therma l activation to occur , computer calculat ions of the dynamic stress

c~’’-~ec ind i ca ted that •~ ‘i 7 was neg lible and therefore did not contribute to the

er effec t as expected from Eq. 6. Rather , it was found that the experimental

o~ ;lts could only be explained if an additiona l stress 
~
.o ep (presumed to be due

tc electron -dislocat ion interaction ) was added to the thermal component of the

f’— ~.~ 5~ re c ç  • . An example of the computer calculation wi th the addition of 
~ en

- 13-
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to j is presented In Fig. 10. Also shown here as a function of time are the

current I , the temperature rise ~T (based on a reasonable heat transfer coeffi-

cient) , the applied stress change Aca. tPie elastic strain change 
~~~ 

the

:train due to thermal expansion • ‘ H and the plastic strain change t c
r~

. Details

regarding the calculation of these various parameters are found in the paper ( 4 ~~~~~
)

att,~ched to this report.

120 
~~~~AT MARZ ~~ TA~~~~~~ 

• 

20

c .Ac

\ \ I

-40 ‘.

(a) ~~~~~~ (b)
20 40 SO 0 I 2 3 4 3 6  1 S S

TIM( (tO
Ot

. )  ~~~~~~ Is )

Fig. 10. Compu ter simulation of .1T , ~~~~~, (~~~~ 
+ “‘ep )’ ~ e’ ~1H 

and /k1 at
300K for the current pulse I shown assuming a contribution
0.019 ‘d to ~ (20).

The response time of the recorder pen used to measure the stress drops

associated with the current pulses was -0.3s . Therefore, the measured values of

-14-
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correspond to this time following the application of a current

pulse. The calculated values of .~T (
~

oH) and at 0.3s were found to be in

reasonable accord wi th the experimentally measured values , giving some conf I-

dence to the validity of the computer calculations . The compu ter simulation

studies indicated that ‘~°ep 
amounted to 32% of

(c~ Surnary of E~perimentai Resuits on the Electrqplastic Effect

Tests by Russian scientists and those at the ‘in’versity of Kentucky have

demons trated that a marked decrease In the flow stress of metals occurs upon

applicati on of a high , direct-current density pulse ( l0~ - l0~ A/rn2 ) for a

short period of time (-l00~s). Critical tests by both 9roups have established

that a significant fraction of the total stress drop :. is due to causes other

than a temperature rise (as normally considered or measured ) or to skin or

pinch effec ts . It is concluded that the remaining component is due to an

el ectron-dislocation interact Ion. A comparison of the experimental results

.btalned by the Russians and by the present authors on the ep effect is presented

i n Ta b le 1.

TABLE 1. Comparison of experimenta l results on the electroplastic effect.

Test Variable Russian U.K.

Effect of current &i for Zn single crystals . -~ for polycrys talline TI
density , ‘d in~reases i n a linear fashion i. .crea ses in an approxima tely

with ‘d with a threshold of linear fashion wi th ‘d wi th a—500 A/rn2 threshold of - 2000 A/nun2.
Effec t of tempera- ~~~~~~~ for Zn increases signif - ‘ -

~~~ for Ti increases wi th T.
ture, I lcänt l y wi th decrease in I.

Effect of strain for Zn increases with ~ at ‘
~
-‘

~~ for Ti Is relatively inde -.
rate , ~ low rates , but decreases with p~nc~ent of ~ in th~ r~nge 0.67 xe at high ra tes l~~ - to 16.7 x 10~~s ’ .

Effect of solute Signif icant increase in ~a 
‘ ‘~~~ Is proportional to

content , C occurs for addition of ~ interstitial content In Ti.
0.2 % Cd to Zn .

~
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Separate direct evidence for an electron-dislocation interaction during

current flow through a deforming specimen is provided in the paper by Tro itski l (9),

who showed tha t the stress drops associated with current pulses In deforming Zn ,

Pb and Sn single crystals were augmented by the injection of electrons along the

slip plane using an electron acce lerater. Further evidence for an electron-

dislocation Interaction during current flow through a deforming specimen is the

observation that the creep rate of metals heated by an electric current passing

through the specime n is higher than when the specimen is heated by radiation

and conduction (23).

(d) Theoretica l Considerations

Theoretical considerations by Kravchenko (15) and Klimov et al (13)

indicate tha t the electrons associated with current flow exert a force 
~e ~

a dis location , which is proportional to the difference between the mean electron

drift velocity and the dislocation ve l oci ty, the former be i ng proportional to

the current densi ty (see Eqs . 1-3 above). One possible effec t of such a force

would be to add to the applied force pushing disloc at~’~ns aga inst the obstacles

oppos i ng their motion. Assuming this to be the major effect , an expression for

the decrease In flow stress ‘- e p associated with a current pulse will now be

derived .

Let us assume that the force 1e on a disloca tion due to the current pulse

adds to that due to the applied stress 
~a ’ 

so that the total force f
~ 

Is

= 1a ~e (7)

Further , let us make the reasonable assumption that is constant for a con-

stant rate of deformation. We then obtain upon application of a current pulse

_df
a 

a 

~~e a 

~e (8)
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now , ~~slocation theory gives f;r deformation wi thoutac ;rent ~~ise

fa
a f  (9)

where f is the back-force exerted on the dislocation by the pinning obstacle.

Theoretical considerations and available experimenta l data give (22)

n m (10)

~here 
-
~ Is the resolved shear stress , ~ a constant which inc ludes the dislo-

cation l ine tension , C the concentration of the pinning points and n and m

are constants . n generally takes value s between 1.0 and 3/2 and m between 1/2

an d 4/3 .

T” ’:ing the derivative of Eq. 10 gives for a constant C
m n-ld~ ~C n f df (11)

m n-l
= ‘1 C~ -r df (lla)

Substituting Eq. 8 into Eq. h a  and taking Mep 
= d-t y ields

~n n-l
_ ‘It ep = 1

1 
C ~ ~ 

~e 
(12)

for the change in stress associated wi th a current pulse.

Eqs. 1 to 3 above give

A(~ - Vd ) A i ld 
- Avd (13)

w;e re A an d A 1 are cons tants. Substituting Eq. 13 into Eq. 12 yields

!11

~
At ep = 

~ 2 ~ 
n 1d~ 

- Bvd (14)

where 
~2 and ~ are constants .

A di rect comparison of the available experimenta l results on the ep effect

with the predictions of Eq. 14 is diff lcul t,because the response time of the

Stress-time recorder is so much larger than the pulse time and because,accordinq

m for interstitia ls In II is 2/3. (22).
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to the computer calculations , I
~
Oep var ies with time . However, if we assume

that the experimental value of the stress drop is a single-valued function

of 
~

‘
~ep’ 

some qualitative comparisons may perhaps be made. In regard to the

e ’ect of curren t densi ty , Eq. 14 requires that Alep increase linearly with

beyond a threshold value. This is observed experimentally (see Figs. 7~ 9)
4
•

Assuming tha t = 
~e 

at the threshol d 1d of -2000 A/rn
2, one obtains Vd 11 cm/s.

which is considerably above the value of l0~~ cm/s deduced for the average dis-

l cation veloc ity in Ti from etch pit or flow stress measurements (24)~ and

bel ow tha t for the propagation of shear waves (25).

The effec t of tempera ture on 
~

. is expec ted to be mainly through its

effec t on the flow stress i (which generally increases with decrease in tempera-

tire) and on n arid m , the former tending to increase and the latter to decrease

t1~’ increase in tempera ture (22). Therefore , depending on the values of n and

r , a decrease in tempera ture can lead to either an increase or decrease in Mep~
i:~ fact tha t ~~.

° in the p~esen~ ex periments increased with temperature wouldP ‘- ‘ n- i
suggest that the produc t Ce” ~ increases with temperature .

The effect of strain rate on “ ep can be through its effec ts on bot h t and

‘i i . Since the threshold current suggests that the appropriate dislocation velo-

city Vd is orders of magnitude higher than the average veloc i ty 
~d 

determined

frc’r- etch-pit and flow stress measurement , i t Is unlikely that the 25-fold

chan ge In strain rate considered in the present investigation will have a signi-

ficant effect on vd an d in turn on •~
1 ep~ Thus, the fac t that ~~~~~~ was found to

be independent of the strain ra te in the present investigati on is consistent

with the value of the threshold current , or possible effects of strain rate on

m and n.

In considering the concentration dependence of 
~
‘T ep~ 

it is desirable to

substitu te Eq. 10 for into Eq. 12. Th is gives

a where the constant 14 represents the Taylor orientation factor
(-2.0 for pol ycrystalline Ti(22)).
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~
T ep • 

~e C
m 

~e 
(15)

The proportiona l i ty between ~a and C In Fig. 9 suggest that m :I. There are

insufficient data to clearly separate mal obta i ned here from m*2/3 obtained

from the effect of interstitial content on the flow stress (22).

Thus , the experimental results obta ined in the present Investigation are

in some qualitative accord wi th the model proposed here and described by

E -~. 14. Similarily, the results obta i ned by Troitsk ii and coworkers (7-il) are

ir iual itative accord with this model . To recapitula te , this model assumes that

th~ current flow exerts a force on a dis location which is proportiona l to the

ii fference between the mean electron drift veloc i ty and the dislocation vel oci ty

ar-i adds to the applied force pushing the dislocations agains t obstacles. How-

ever , additiona l studies are needed before we can fully accept this model. In

addition to the effect considered above , elec tron-dislocation interactions

resul ting from a current pulse may produce one or more of the follow i ng :

(a) accelera te the motion of dislocations between obstacles and (b) increase

th~ frequency of vibration of dislocations . A good starting point for evaluat-

in~ these effects i-s a consideration of the models which have been proposed to

ex - l ain the decrease in stress which results in the normal-to-superconducting

tr~ns1tion (1-4).

(e) P1~chanical Pr~~~rty Studies Bearing on the Electropla st ic Effect

From the above discussion it is evident that to fully evaluate the electra -

plastic effec t in metals a detailed knowledge of the following two mechanical

property phenomena is required:

(1). The effec ts of strain rate and temperature on the flow stress as a

function of grain size and impurity (or alloy ) content.

(2). The interral stress determined by the decremental unload i ng technique ,

i.e. by the so-called stress di p methoo .
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Therefore, these two phenomena were considered in some detail for Ti in the

present investigation , the effort consisting mainly of correlating and inter-

preting results obtained in previous work by the authors .

A suninary of the effects of grain size on the yield stress o titanium as

a function of interstitual content (mainly oxygen) and temperature are presented

in Fi gs. 11-13. It Is seen in Fig. ll that the effect of grain size on the

yield stress follows the Hall-Petch relation

a ~~~~ + K~d~~
”2 (us)

- Ii (—O~: at %Oeg

~ .10 ’s

E
/ l  z

— 
, / 1  ~~

~~~~J-~~~~7 —
~ 4(x) ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘/f ~~
7T I ~~~~~.L - .

/

/

.~~:.=~_._7
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~ 
-
~~~

/ ~~—~~~

-—- 

/
J. . . ~‘

~~~~~~~~~~~~~~~ 4(~~ ~~,i* &~O 
- .

d ‘(m ‘ )

Fig. 11. Hall-Petch p lot of the effect of gra in size on the y ield stress
of hiri h purity Ti (0.2 at.% Oeq) as a function of temperature.

i n which ~~ Increases with increase in interstitial content and wi th decrease

in tempera ture (FIg. 12). K~ Is rela tively Independent of interstitIal content,
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Fi g. 12. Effect of temperature on the Hal l-Petch parameter o~ for the
yield st esS of Ti as a function of oxygen content.

but decreases wi th tempera ture more marlçedly than Younqs modulus, which is

indicated by the difference between and K in Fi n . 11. The data of Figs . 11-

13. along with other data in the literature (26 , ~7), were emp l oyed to describe

the deformation kinetics used in the compu ter calc~li - .tions of Fig. 10 and in

~ei . 20.

ft is generall y accepted that the flow stress of metals can be considered

~r. consist of a therma l component associated with c art-range , low energy

obs~ i 1es to dislocation motion and an atherma l cor~ onent ~ associated with

long-range , high nnergy obstacles such as the long-range internal stress field ,

so that

~~
+ - (17)
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Fi g. 13. Effect of temperature on the 11a11-Petch parameter K~ for theyield stress of Ti as a function of interstitial content.

A method frequently used to determine ~ is the decremental unloading technique

~~~~~~~ ft was found in the present study that a current pulse produced a

decrease in the internal stress 0Int ue termined by decremental unloading in the

usua l manner. This decrease was termed ~ (see F i gs. 3 and 4). To better

define the nature of the internal stress determined by decremental unloading ,

a Study was n~ade of this technique (30). Typical results obtained for A-5OTi

(0.5 at.~ °eq~~ 
are presented in Fig. 14. These show tha t the value of 1

Int
determined by the decremental unloading method depends on the time allowed

between load decrements , m t  decreasing with increasing time t. Only as

-22-
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Fig. 14 . Ef fect of temperature on the Internal stress (critical stress)
in A-5OTi (-0.5 at~~ °eq ) as a function of time between load
decrements for the decrerhental unloading method (30).

t-~ was 
~Int 

approximately equal to determined by the back-extrapolation

method. Therefore, it is expected that some thermally activated dislocation

motion oLcurs at the stress level °Int determined by the decremental unloading

method . This then must be taken into account when interpreting the effect of

a curren t pulse on 
~Int .

Since work by the Russians indicated that the ep effect had technological

application in metal working operations, it was decided to look into this as

part of the present Investigation , time permitting . Stretch forming was chosen

for initial investigation , because failure in this operation is by plast’c

inst a bi l it , or necking and the uni axi al tension test on sheet is considered to

represent a point on the forming limit diagram (FLD). Since little was known
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regarding plastic instability in uniaxi al tension of Ti sheet , a lim i ted study

was first made of the instability in sheet specimens without current pulses to

provide background information which could be used for comparison with results

to be obtained later with the app l ication of current pulses. In these tests

attention was focused on the onset of in -stability and the effects of the material

parameters n( = d lr i - /d ln - ) and m ( - ‘i n / .1n ~ ) on the strain at which the onset

occurs at test temperatures of 300-700K. Gridded specimens were employed to

establish the initiation of instability and follow its development to fracture.

T’-t details of the experimental procedure arid the results obtained on A-75Ti

(-1.0 at .~ °eq~ 
sheet ~ p CCintnIS are presented in Refs . 31 and 32. A suninary of

the results will now be given .

Typical strain distr ibut Ions alo n ; the length of the gridded sheet specimens

after vd rious amounts of defo rmation are presented in Fig . 15 - Starting from the

a -
, _ _.

o :~ -~r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

a -- “ A~.t -~~J . .4l~~ -
Sr U

3 % - _ 
— — .. - -,a.

- r e

: ~~~~ ~
i-I

‘C J’L ~~

..At. ~~~~~~~~~~~~~~~~~ — — 
~~~ , C. Ct  fl

Fig. 15 . Engineering strain distribution along the length of an A-75T1
1.0 at. ~ Oeq ) sheer specimen stra i ned at 300K and a strain

rate of 1.33 ~ 10
4s ’ : (a) longitudinal -strain e and (b)

width strain e2 (31).
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bottom of the figure , diffuse necking is fi rst observed at the (2) set of

measurements , flow restricti on to the neck first occurs at (4) and local necking

between (4) and (5). Fig . 16 gives log-log plots of the strain rate versus 
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F i g. 15. Log-log plots of 
~~~ 

versus 
~ 

of the element which eventually
fractured for the tests at 3O~ and 400K (3’)).

strain of the element which eventually failed , the data in this graph having

been derived fro— r~su lt c such as those of Fig. 15 . A change in the curve from

a dec reas1n~ strain ra te with -strain (due to the fact that the tests were con-

duc ted at a constant crosshead speed rather than a constant strain rate) to an

increa sin -~ rate to failure occurs at the instability strain la ’ which is smaller

than the strain at ma~i r’um loa d - 

~~~
. Three plastic instability stra i ns were thus

identified : (a)_ ~ the initiat i on of strain concentration leading to a diffuse neck ,

(b) 
~ 

the restriction of strain to the diffuse neck region and (c) 1111 the

Init iation of local necking . The effects of material parameters on the critical

stra ins for each of these ins tability conditions were given reasonably well by

the fol1 r’~w ir- ~ expressions :

n
1 

+ -~1nA0/cln - (18)

a + 3.3 rn~”3 (19)
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- 2 + m
~ ~~~~ 

+ 
~~~ 

(20 )

where A0 is the initial cross-sectional area and a dln~/d1nc of the element

which eventually failed . The subscripts Indicate the strain at which the material

parameters were determined . The expressions for ~
‘ and were derived , whereas

tha t for is pure l y empirical. n, m an d were found to vary wi th strain ,

strain rate and temperature . The effec t of temperature on the various material

parameters and instability strains for tests at the strain rates of 1.33 x

and 5.24 x 10 3s’1 are presented in Fig. 17 .
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Fi- . 17 . Effect of te~’:~orature on the variouc materi al parame ters and
Instab i lity st~a1~ s for the tests at the strain rates of 1.33 x 10
and 5.24 x 10 ” s (31).
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Appendix

I .  Personnel Participating in the Project

A. Facu 1 t,~

1. Dr. Hans Conrad , Principa l Investiga tor.

2. Dr. Kenji Okazaki , Visiting Professor from Kyushu Institu te of
Technology , Ja pan.

B . Stu den ts

1. N . Kagawa , Graduate Student , Univers i ty of Kentucky , (Planned to
receive PhD In Dec. 1979).

2. L. Filler , Undergradua te Student, University of Kentucky (Received
B.S. degree, May 1979).

3. L. Carey , Undergraduate Student , Kentucky State University (Planned
to receive B. Mgf. Tech., May , 1980).

II . Scienti fic Papers

A . Published

— 1. K. Okazaki . H. Kagawa and H. Conrad , “A Study of the Electroplastic
Effec t in Metals , Scr ipta Met. 12 1063 (1978).

2. K. Okazaki , H. Kagawa and H . Conrad . “Additiona l Results on the
Elec troplastic Effec t in Metals ” , Scr ipta Met. 13 (1979).

3. K. Okaza ki , H. Kagawa and H. Conrad , “Effec ts of Strain Rate, Tempera-
ture and Interstitial Content on the Electroplastic Effect in
Ti tan ium ” , Scripta Met. 13 473 (1979).

4. K . Okaza ki , V. Aono , T. Kaneyuki and H. Conrad , “Measurement of
the Interna l Stress In Metals by the Decremental Unloading
Technique ” , Mat. Sci . Eng . 33 253 (1978).

5. H. Conrad , K. Oka zaki , C. Yin , “Effec t of Material Parameters on the
Limiting Strain in Cup Tests on Sheet Metals ,” Proc. 6th, North Amer.
M~~ j k i ~~~~es. Con f. (NAMRC VI) (1978) p. 264.

6. K. Okazaki , H. Kagawa and H. Conrad . “Plastic Instability in A-iS
Titan ium Sheet Deformed in Unlaxial Tension at 300-700K,” Acta. Met.
27 301 (1979).

B. Submitted for Publication

1. K. Oka zaki , H. Kagawa and H. Conrad , “The Elec troplastic Effect in
Titanium ” , Submitted for presentation and publicat ion at the 4th
m t .  Conf . on Titanium , Kyoto , Japan , May 19-22 , 1980.
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2. K. Okazaki , N. Kagawa and H. Conrad , “Evaluation of the Skin , Pinch
and Thermal Effects Ass ociated with the Electroplastic Effect in
Titanium ” , submitted to Scripta Met.

C. Presented at Technical Meetings or Seminars

1. K . Okazaki , M. Kagawa and H. Conrad , “Plastic Instability In A-75rr~~ i~m sheet Deformed in Un iaxia l Tension at 3O0-700K~ presentedat AINE Spring 1978 meeting, Denver, Cob . Feb. 1978,

2. H. Conrad , K. Okazaki and C. Yin , “Effect of Material Parameters on
the Lii~ ting Strain in Cup Tests on Sheet Metals” , presented at
6th. North American Metalworking Res . Conf. (NAMRC V I) ,  Gainesville ,
Fla. May 1978.

3. K. Okazaki, ‘~A Study of the Electroplasti c Effect in Metals” , seminar
at Wayne !ta te Univers ity , Detroit, June, 1979.

4. K. Okazaki , H. Kagawa and H . Conrad , “A Study of the Electroplastic
Effec t in Ti” , to be presented TIlT 1979 AIME meeting , Milwaukee ,
Wis ., Oc t . 1 979.

II!. Visits to 000 Facilities

1. H. Con rad to AFO SR , Boiling A.F. Base , Washington , D.C., for discuss ions
wi th Co l .  J . P. Morgan , Nov. 7 , 1978 .

2. H. Conrad to ONR , Arl ington , Va. for discussions with Dr. A. Diness ,
May 11 , 1979. 
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EVALUATION OF THE CONTRIBUTIONS OF SKIN , PINCH AND HEATING EFFECTS TO THE
ELE CTROPLASTIC EFFECT IN TITANIUM

K. Okazaki, H. Kagawa and H. Conrad

Metallurgical Engineering and Materials Science Department
University of Kentucky

Lex ington , Kentucky 40506

Introduction - . . 
-

The effects of high density , direct current pulses on the plastic deformation of metals
at 77—300K have been presented by Russian scientists (1—11) for Pb , Sn, Cd and In and by the
present authors (12— 14) for I~b , Ti , Fe and Sn. It was proposed that the stress changes which
resu lted from the current pulsing were mainly due to the interaction of electrons with moving
dislocations , i.e. an electrop 1.:’~tic (ep) effect. However , there still remains the argument
tha t this ep effec t may be due to trivi a l heating of the spec imen (15, 16).

In a previous paper (13), the present authors showed that the heating effects associated
with the ep effec t in metals can be iden tified by perfor ming tests on specimens of various
radii r and extrapolating the stress changes resulting from the application of the current
pulses to r — 0, which represents a condition of infinite cooling rate (17). In the present
paper we determine the temperature rise AT which occurs during the ep effect in Ti from:
(a) the stress drop AO H due to thermal expansion which results when a current pulse is applied
In the initial elastic region of the stress-strain curve and (b) the current—time profile of
the pulse obtained with an oscilloscope . Further , since skin and pinch effects could contri— -
bute to the stress drop , the contributions from these two phenome na are also calculated . It
is found that these latter contributions are quite small compared to the total stress changes
which result from the current pulses. Having removed the contributions due to the skin , pinch
and heating effects it is found that there still rema ins a significant fraction of the total
stress change which results from the application of a current pulse during plastic deformation

Exper imental —

The polyc rystalline Ti (99.97+Z) wire employed in this stud y was purchased fr om the
Research Organic/Inorganic Corp. and annealed at 1073K for 3.6 ks in a vacuum of .i0 6 Torr.
Th. mechanical test procedure is similar to that described previously (13), excep t that in
the present tests th. entire fixture of grips and spec imen was imeersed in a liquid nitrogen
bath , in addition to conducting tests at 300K using forced—air cooling. The stress drops due
to the current pulses which are here considered are the same as those in the previous paper
(13), namely: (a) AO~~, which occurs in the initial elastic region of the stress—strain curve ,
(b) Acp , which occurs in the plastic flow region and (c) 8o~, which occurs near the long—
range internal stress level determined by decrement al unloading . The stress—strain behavior
and the stress drops were recorded on the m atron test machine load—time , strip—chart recor-
der , whose full— scale pen response time is -Is. Zero suppression was employed in the present
tests so that the response time for the stress drops is estimated to be .0.3.. Typical shapes
of the current pulses for the tests at 77K are presented in Fig. 1.

- Results and Discussion
When a current pulse of ~~~~~~~~~~~~~~~~ A/me2 densi ty is applied to a specimen for the short

period of 5.5 x i~
’5 s, sid e—effects other than an elec tron—dislocation interaction are expec-

ted to occur . They are : (a) the skin effec t , (b) the pinc h effect and (c) the reduction of
th. flow stress due to the temperature rise. The magnitudes of these effects will now be
considered ,

- - —- ---~- - -•- - - -—•- — — ~~ - - -  --
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~l. Skin Effect

Localization or concentration of current near a specimen surface (the skin effect) is
expected when a high frequency current is applied to a specimen . To establish whethe r or not
a skin effec t occurred in our experiments , the skin depth 5 was calculated using

6 — (wfu (l/p)i~~’2 (1)

where f is the frequency of the pulse , ~ the permeability and ~ the resistivity of the s~eci-
men. Typical values f~r the parameters in eq. (1) at 300K are : f — 9 kHz, ii — 4s x 10” H/rn
(18) and ~ 8.2 x l0 ~)cm (measured for the present specimens). Substituting these values
into eq. (1) gives 6 • 1.52 mm , which is about 6 times the radius of the larges t size spec i-
men (0.5 mm dia.) employed in the present investigation. It is therefore concluded tha t the
current is distributed uniformly throughout the spc~ tmen cross—section for our test conditio rm .

2. Pinch Effect

Upon the application of a high current pul se , a pinch effec t may occur , whereby the
pressure created by the intrinsic magnetic field produces radial compressive stresses. This
pinch effec t causes a dec rease in the axial stress of a specimen undergoing tensile deforma-
tion at a constant plas t ic strain rate . Tc calculate this effec t let us consider the equiva-
lent elc~ tr i c t l  ci r~-u it ~~ our apparatus , which is shown in Fig. 2. The basic equation for a
discha r~c circuit is

+ RI + ~Idt - V
0 

(2)

where V0 is the voltage to which the capacitor is charged , K the resistance of the specime n
and I the current. Assuming tha t L (combined inductance of the specimen and circuit ) , C
(capacitance) and V0 are independent of time , we obtain upon differentiating eq. (2)

(3)

The solution of eq. (3) for I • 0, V - V
0 
and K - constant at t - 0 is

I — Ke 8
~ sin ut (4)

where K - V0/L , B — RJ2L and ~~ (~l/LC) — 82 .

In the previous section it was established that the current is distributed axisymmetri—
cally in the wire spec imen. The magnitude B of the magnetic field is then

• u x current linked (5)

whsre B is the magnetic flux density and a the distance from the axis of th. wire . Within
the cylindrical wire this gives

2waB uita2Id 
(6)

where 1d is the current density. The Id
AB force acts radially inwards and Is irrot ational.

The radial pressure grad ient is

• (—112 )ua I~ (7)

and hence
P — (— l / 4 ) u a 2 I~ + const. (8)

Applyin g the boundary condition of P - 0 at a • r , one has

P • (1/4)uI~ (r2 — •
2) (9)

where r is the radius of the wire.

Let us now calculate the maximum pressure at the center of the wire (a • 0) in our
experiments. The data used for this calculation are : i~ 

- ~w x ~~~ H/rn (18) and current 2density m d — 5000 A/me2 . These yield a pinch pressure of P (a — 0) • 0.49 (Pa at 5000 A/i
The decrease in axial stress due to this pinch pressure will  be

~‘p inch 2vP (10)

where v is Poissons ratio . Takin g v • 0.34 (19) gives 
~°pj nch — 0.33 MP. at 5000 A/am2.

I
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- This is only 0.42 of the total change in flow stress (Ao ~ • 87.5 MPa at 5000 A/rn2), 0.67. of

55.0 MPa) and 1.02 of A0 H (
~ 32.5 MPa) respectivel y at 300K. It is therefore concluded

that the pinch effec t associated with the current pulsing is small and onl y a secondary fa c-
tor in the electroplastic effect in Ti.

3. Hea .ing Effects

When a current passes through a specimen whose resistance is finite but not zero , Joule
hea t is generated . The total energy ~Q due to current flow is given by

AQ — I2~ (t 0/A0)t — I2Rt (11)

where and A0 are the leng th and cross—sectiona l area of the specimen. The maximum possi-
ble change in the spec ime n temperature AT m is then

ATm — AQIC~ (12)

where C~, is the heat capacity of the metal.

Let us calculate ATm for the present experimental  conditions . Typical test conditions
at 77K were: (a) t ) — 50 .30 ‘rim , (b) A • 0.196 sin— , (c) K — 0.02l~~, (d) t~ • t / 2  — 2.75 x
~~~ s~ and (e) C0 ~ S.07 x 10-2 cal/d~g/g (20, 21). The calculated values of ATm for tests
at 77K and at 300k are summarized in Tables 1 and 2 respect ively, where the maximum possible
temp eratur e rise is 8 — 225K in the r~ v~c of 2000 to 10,000 A/mm

2 current density at 77K and
22 — 2~ 0K in the range of 2000 to 7000 A/r~-n

2 at 300K. However , the ac tual temperature rise
in the specimen will be less than t’~cse values , since the specimen is surrounded with liquid
nit rt~~en (77K) or forced—air c.~ole ’ (lOOK), which extrac t heat from the specimen surfa e.

Since it was shown above th.-it the skin and pinch effects are small , the actual tem~ie ra—
ture rise of the specimen can be calculated from the change in stress AOH which results :rom
the application of a current pulse in the initial elastic region of the stress—strain curve ,
by employing the effective modulus of the system and the coefficient of expansion of Ti. The
elongation of the spec imen due to the tempera ture  r ise  is given by

— (13)

where is the length of the specimen and Ee the effective modulus of the test system . The
temperature rise producing this increase is then

AT • • t
~~T~~~

t — ~~~/(~E (14)

where ~ ~s the linear coefficient of expansion , which is approximated for Ti by a — S x
i~ —~ r / in the range of 73 to 300K and a~ — 2 x ~O~~T

114 above 300K (2 1) .  The Temperature
increase s at 77 and 300K calculated from measured values of AO H using eq. (14) are listed in
Tables 1 and 2.  It is seen that these temperature rises are 0.4 to 0.7  the maximum possible
due to Joule heating . Also included in Tables 1 and 2 are the values of AC p and AUR for the
same test conditions as AOH.

The decrease in flow stress associated with a temperature rise is generally taken to be

— °(T + AT) (15)

where °T and i ~ + AT are the flow stresses at I and (T + AT) taken from the a — T curve for
the ma ter ial a~ a con~ tan t strain rate (2 2 ) .  The values of AO AT so calculated are listed in
Tables 1 and 2; they are on the order of 21 to 88! of Aop . It should however be noted that
thi s estimate of bo~~ is based on the assumption that the temperature rise AT can reduce the
flow stress from °T to °(T + AT ) via thermally activated nrocesses in a time equal t~~ *t~at of the response time of the recorder (-ii .3s), i.e. the extra effectiv , stress Ao ( 1  CT~
0

(1 + AT~~ 
at (T + AT) can produce enough plastic strain during this time period to cause the

stress change observed in the experiment. However , it will now be shown that the plastic
strain produced by Ao 0 via therma l activation is vanishingly small and that in turn AO AT is
negligible.

I—t curves shown in Fig. 1. are here approxima ted by a triangl e and the •ff.ctive
time t

1 is taken as one—halt of the total pu l se time t.

—__~~~~—- .~~~~~~~~ -— - ~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—~~ --



!TTT  -

~~~~~~~~~
-

The influenc e on the electroplastic results of the actual temperature rise based on the
current—time profile and heat transfer from the specimen surfac e will now be considered . The
total s t ra in  rate t tot l is given by

~tota 1 — S/i — ~ + C + C )4 (16)
where S is the crosshead speed of the test machine , t the specimen gauge length , c the plas-
tic strain rate , £ the e las t ic  s t r a i n  ra te  and 

~~ 
the st ra in  ra te  due to the therLi expan-

sion. Within a su ?ficien tl y small time period from t to (t  + A t ) ,  eq. (16) becomes
—Ac — Ao IF — & + ~ 

— (S/t)t~t (17)e a e  p II
where .~ i is the applied stress change and E

e the effective modulus of the system . The strain
due to t~e therma l expansion is given by

— n(T ) ( (T — 1)) (18)

where a (T) is the linear therma l expansion coefficient at I and T
~ 

is the original tempera—
ture prior to pulsing . ~T ( T  - T0) as a func t ion  of t ime dur ing  a current pu lse can be
calculated from

AT (t) — ZAQ~t)/C ’i (19)

where H is the mass of the specimen and .~.Q’(t) is the net hea t retained in the specimen at
time t. ~Q ’ ( t)  is taken to be

AQ ’(t) — ~r(t)R(T) — HA(T — T)}:.t (20)

where 1 (t) Is the currei~ at time- t . “(1) the resistance of the material at temperature I. ,-fl
the time interval , H the hi-at ~-or-

1 uct ’o~- rate at the material surface and A the surface area
of the specimen. —

Assuming tha t i is due to thermally activated plastic deformation processes we can
write p

— .‘~t (21)
p p

For Ti we have the choice of dcscrflin~ ~ by either (23, 24)

- g(~~*(T))m *(~~) (22)

where ~ is a constant , o* (T) the e f f e c t i v e  stress (applied stress a minus long—range internal
stress ~~~

) and m5 (T) i t s  veloc i ty  exponent , or
— exp (_AG (a *)/kT) (23)

where ~ is a constant and ~G the GIbbs free activa tion energy , which is given by (24)

— .~~~~ (1 — (O
~~
(T)/c :)

2 ) (24 )

w~ ere .\G is the total energ y at a (1) — 0. During a current pulse the effective stress
0 (1) is then given by

A
) — a — o ( T )  — Ao (25)

where a is the flow stress immediatel y prior to the applicati on of the pulse and o (T) the
long—range interna l stress. - -

~

The change in flow stress AO a due to a current pulse can be calculated using eqs. (17) to
(2 5)  onc e values have been assigned to the various parameters in these equations . This cal-
culation was made employing a computer for forced air—cooling of the specimen at 300K and
1d — 4977 A/mm2. The values used for the various parameters were :

Present Test Conditions Parameters

— 300K) • 80.9 ?U’a o (T) — 6.43 (515 — T)~~
”2 !~~a (ref. 23)

o~~(T — 300K) — 65.0 MPa a~ (T) • 63.0 + 4 . 5  * 10—2 (T—300) MPa (ref. 23)
o — 294 t’IPa A~ — 1.6 ev ( re f .  24)

• 8.91 x 1O~ MPa . .~?T) — 1.94 x 104/Tl .29 (ref. 23)
— 300K 

~ 
C (T) — 0.51 + 4.22 x 10~~ (T—275) Jg ~~~r

1 (re f. 20) 
-

c 1.7 x 10 
~ oTT) 2.04 x iO~~ T11~ (r e f.  21)

a 4977 A/iu.Z R(T) — (42 + 0,178(T-..310)1 x 2.34 x (I (ref. 19) -
H • 2.9 x 10~~ Js 1k ,~~~2 ( r e f .  25)
T i n K 

~~~~-— - -~~———  _ _ _ _ _ _ _
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Typical results obtained using eq. (23) for the plastic strain rate are shown in F I g .  3 , 
-

where the left side (Fig. 3a) is drawn on a microsecond scale , whereas the right side (Fig.
3b) on -i second scale. To be noted in Fig. 3a ~s that the temperature rise AT increases with
time , reaches a maximum of 137K at t - 47 x l0 s and remains at this value for a short per-
iod even after the current pulse is gone. However , as seen in Fig. 3b , at longer times AT
dec reases wi th  t ime and returns to the original temperature in about 4 a, which is approxi—

~ute1y the time noted with thermocouples attached to the specimen. Also , Fig. 3b shows that
‘.T attains the value of 76K calculated above from Ao

~ 
(Table 2) after about 0.6 s, which is

in reaso~nb1e accord with the recorder pen response time associated with the measurement of
- - ‘a, especia l ly  consider ing po~~ (hlc errors resulting from the choice of the value for the
heat transfer coefficient and the expression for the deformation kinetics.

Figure 3a shows that the  maximum of AQ a occurs at t — 47 x 10—6 a; the maximum plastic
strain .~e j . produced b y thermal a c t i v a t i o n  at this time is of tne order of 10—8 . This implies
tha t the expected strc~ s change ~~~ 

from therma l activation processes is only of the order
of l0~~ IlPa and therefore the t ot a i  s t ress  change 

~0a is almost entirel y due to the thermal
expans ion , which reduces the effec~~1c.- stress o~ to a nega t ive  va lue .  In other words , the
therm .il expansion brings the stres~: level down so (;uicklv and so low that insufficient effec-
t i ve  s t ress  is a v a i l ab l e  to p roduc e  .~ signific ant amount of plastic strain. However , once
the temperature be-gUi . to decrease (!ig. 3b). o~ incre.-iscs t. . p rodu ce  the p l a s t i c  strain
(stra ia r~i1e) which  is r e q u i r e d  by the ~-r osshead motion. It reaches its original value
after about  1. .. s~ when the  p~ jstic s t r a i n  rate ipo~ ed b the crosshead motion first ap—
proachcs that pri or t o  the  c u r r e n t  ~ulsc. The r e s u l t s  of F i g .  3 thus indicate that by assum—
in ~ no c o n t r i b u t i o n  of the  c u r r e n t  to  ~~~~

, th t r~ a l i v  a c t i v a t e d  d e f o~ .n at i on canno t p r o v i d e
s i i ~nU  l e an t  p l a s t i c  s t r . iiu  ~-i ~~h in  ~bc t i~~ie perIod ( 0 . 3  s) of th e  measured s t r e s s  drop ~a p ,
and ther e orc the c a l c u l a t i c u  of ~~~~~~~~ u s i n g  ~~~ 1. ( 1 5)  is not  ap p l i c a b l e  to our expe r imen t s .

Th~ r e s u l t s  of F i g .  I t h e r e f or e  in d i c at e  th a t the h e a t i n g  produced by a current pulse
causes a therma l expansion of the si-ec in -n b u t  doe s not  lead to any s i g n i f i c a n t  p l a s t i c  f l o w .
IIo~ ever . two e x p e r i m e n t a l  r e s u l t s  lead to  the c o n c l u s i o n  tha t  “ s i g n i f i c a n t” p l a s t i c  f l o w  does
in f . i c t  occi~r dun n, the t ime i n vo lv e d  in th i- st r ess  drop measurement  ( i . e .  In 0.3 a):
(a )  t h a t  AO p -‘ K ~~~ and (b) a p erm an ent  drop in  st r e s s  r e su l t s  fo l l owing  a cu r ren t  pulse 

-

appl ied  d u r i n g  a s t ress  r e l av .it ion test ( 1 3 ) .  To account  fo r  the required  plastic strain and
to sin-elate the strest~ chang~ ~~p observed in the experiments , an electron—dislocation inter-
action is now assumed to occur and is taken to be ot  the form

— (26)ep d
where 1d is the current density and 

-
, a c o n s t a n t .  This p r o p o r t i o n a l i t y  between Aoep and

is presentl y assumed because theory (~~6 , 27) and the previous results on the ep effec t in
titanium (12—1 4) suggest a l inear relationship between and the current  dens i ty . AC ep
is added to a (T) g i v i n g

— 
•
() + AC~ p 

(27 )

and Inser ted  in eq. (~~~ ) to y ie ld

AG AC [1 - 12. c12 Aoa~~
2

j (28)

A computa t ion  is then made under the same condit ions as those of Fig. 3. The r e s u l t s  are
4shown in F i g .  ~~, where y — 0.0~9 hag been used to produce the p l a st i c  strain of 4.2 x 10

which is equivalent to AC ep — 34 .5 MF .i. It is seen in Fig~ 4 tha t  a (I) is now reduce~-~
rather more q u i c k ly  and steeply than in F i g. 1 and that (a (I) + -~~

‘
~~~~1 exhibi ts  a peak of

126 ifFa at ~ x 10° a , giving a maxi mum p l a s t i c  s t ra in  rote of 4.8 x 10 15 1~ With t h i s
cont r ibut ion  of AO ep to t,~ a sign i f i c a n t  amount of p las t i c  strain (four orders of magni-
tude larger compared to the case wi thout  Ac ep ahown in F i g .  3) is now produced before 20 x
l0 6 s. It should also be noted that the temperature rise does not now entirely determine
the production of the pl as tic strain during the microsecond time scale. Again , once the pulse
is gone , the temperature begins to decrease G ig. 4b) and Ac p starts to increase again after
about 2 .7  s , at which t ime the e ffect Ive stress a~ becomes equal to that for plastic f low at
the s t ra in  ra te  imposed ~y the crosahead motion . Worthy of note is that Me at the maximum
of (~* + Ao~~) ii -0,8 a ; furth er . Ac at 0 . 3  s in F i g .  4 is 32 MPa larger than in Fig. 3
for the same t ime .

~‘asonable agreement exists between AT and Ma at 0.3 s in Fig. 4b (where comparisons
can be made with experiment a l values ) and the experlmcntaflv derived valueq of AT and ~~~

_ _ _ _ _  _ _ _ _
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we come to the conclusion that the current pulse provides an extra stress Ac In addition
to any heati ng effects. Taking the measured value of Aap equal to ACa a t O .~~

’s in F ig. 4,
the ep contribution derived from Figs . 3 and 4 comes to 32% of Aa~ .

Summary and Conclusions

1. Skin and pinch e l l e c t s  make only smal l contributions to the electroplastic effect in
polyc rystalline Ti.

2. The tempera ture rise due to a current pulse has been determined from the change in str~ss
which resul ts when a current puU;t’ is applied in the initial elastic region of the stress—
strain curve . This rise is in reasonable- accord with that calculated from the current—time
protile us i ng a reasonable heat t r a n s f e r  c o e f f i c i e n t .

3. Computer simulation of the dynamic stress changes during current pulsing indicates that
the current produces an effec t in addition to that due to the heating .
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TABLE 1. Various stress ccmponent s and temperature rises for  the electroplastic effec t in
Ti at 77K

td -, - ‘~~~ 
~
‘
}‘ AT ‘ AT

(A/mm— ) (?U’a) ~~ I ’ i )  (MPa) (J) (K) (K) (Pea)
2000 O.~ 2.5 1.0 0.074 8.2 2.2 2.2
3000 1.5 7.0 2.0 0.167 l8.b 4.0 4.0
4~i0 ( )  10.0 27.~ 11.1 0.118 35.5 24.6 20.0
5000 16 .-. 50 °  20.5 0.498 55.6 38.0 30.0
6000 21.5 68.0 28.0 0.721 80.3 47.8 38.0
80)0 35.5 ~~.0 -.3.0 1.273 l-~.1.9 

72 .2 51.0
10.000 51.0 L’h .O 58.0 2.016 22.~.9 96.3 69.0

a
N o t  (‘S

(1) Temperature dcpendt-n e ot the ~l v  stress (Ref. 22)

( 2 )  Spec imen—mach ine  s t i H n e s s :  Ee .3 x 106 ~‘fl’a (for flow)
— 8 .05 x Id ~~~~~~~ for -

.

(3) Linear expansion c ’cf ’iclen t : i — 5 x 10~~T
1/’  Uu~~~ ’ in the r ;n~ .’ of 77-300K (Ref. 21)

(6) Heat c a p a c i t y :  C — 0.2 77 ~~~~~~ dc~~~ at 77K ( R e f .  20)

TABLE 2~ Var1ou~; s t r es s  cor~~one~i t s  .in~ tttr ~;)e-ra ture rises for the electroplastlc effect in
Ti a t ~00K

-~~r “~~R ~T AT AT
(A/rmv - ) ~M)~a) 

(~ u~) (MP a ) (3) (K~ (K) (MPa)
2000 5.0 ~.5 7 .0 0.545 22.0 12.2 5.0
3000 13.0 22 .0 23.0 1.196 ~.8.2 11.3 12.5
40fl~ 23 .5  5R~ 0 38.5 2.1”- 86.2 55.6 16.0
5000 32.5 0~ .5 55 .0 3. 182 136.3 75~~9 20.0
6000 41.0 115 .0 71.0 4.816 194.8 94.5 26.0
7000 43. 5 140.1 85.0 6.700 270 .0 99.9 30.0

4

No tea:

(1) Temperature dependence of the flow stress (Ref. 22)

(2) Specimen-machine stiffness : Ee — 8.9 x iO~ MPa (for flow)
Ee — 4.77 x i04 MPa (f or MH)

(3) Linear expansion coefficient a 2 . 116 x 10—6 T’’4 deg~~ i~ the range of 500-600K (Ref. 21

(4) Heat c a p a c i t y :  C — 0.5122 J deg~~ g’
~ 

at 300K ( R e f .  20)
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